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ABSTRACT 
 
Study of the Effects of Obstacles in Liquefied Natural Gas (LNG) Vapor Dispersion 
using CFD Modeling. (August 2012) 
Roberto Eduardo Ruiz Vásquez, B.S., Pedro Ruiz Gallo University, Peru 
Chair of Advisory Committee: Dr. M. Sam Mannan 
 
 The evaluation of the potential hazards related with the operation of an LNG 
terminal includes possible release scenarios with the consequent flammable vapor 
dispersion within the facility; therefore, it is important to know the behavior of this 
phenomenon through the application of advanced simulation tools. Computational Fluid 
Dynamic (CFD) tools are often used to estimate the exclusion zones in an event of 
accidental LNG spill. In practice these releases are more likely to occur in the confines 
of complex geometries with solid obstacles such as LNG terminals, and LNG processing 
plants.  
The objective of this research is to study the effects that different obstacles have 
over the LNG vapor dispersion and the safety distance reduction caused by enhanced 
mixing. Through parametric analysis it is demonstrated that height, width and shape of 
the obstacles play an important role in the vapor concentration reduction. The findings of 
this research may be applied in the design stage of an LNG terminal, to improve the 
design of passive barriers, and for designing better layout configurations for storage 
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tanks. Simulations results performed with FLACS (Flame Acceleration Simulator), a 
CFD solver, confirmed that these applications help to reduce safety distances. 
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CHAPTER I 
BACKGROUND ON LNG 
 
1.1 LNG DEFINITION 
 Liquefied Natural Gas (LNG) is an odorless, clear cryogenic liquid produced by 
cooling natural gas to about 111 Kelvin (K). In its liquid state, the volume of LNG is 
about 600 times less than its gaseous state. This reduction in volume allows economical 
long distance transportation of LNG by ships to LNG terminals. In these terminals, LNG 
is reconverted to its gaseous state to be used in houses, industries, and power plants 
(EIA, 2009).  
The LNG composition is mainly 95% methane; however, it also contains ethane, 
propane and other heavier hydrocarbons. An important property of cold LNG vapor is 
that it is heavier than air by a factor of 1.5; therefore, LNG spills results initially into 
heavy gas clouds. Table 1.1 shows the main physical properties of methane.  
 
 
 
 
 
 
 
 
 
 
 
 
 
____________ 
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Table 1.1 Physical properties of methane (adapted from white paper: LNG pool fire 
modeling-MKOPSC, 2008): 
 
Property Value Units 
Molecular Weight 16.04 kmol/kg 
Freezing point 90.00 K 
Boiling point (B.P) 111.70 K 
Liquid density at B.P 450.00 kg/m3 
Critical temperature 190.60 K 
Critical pressure 4.64E+06 Pa 
 
 
 
1.2 LNG SAFETY HAZARDS 
Following potential hazards are identified in the case of an LNG release in a 
facility: cryogenic hazards, vapor c8loud fire, pool fire, torch fire, rapid phase transition, 
and confined space explosion (MKOPSC, 2008). 
These hazards are explained in detail in the paragraphs that follow. 
 
1.2.1 Cryogenic hazards  
This type of hazard is created because LNG has to be stored and transported at 
very low temperatures, around 111 K. At these below freezing temperatures there are 
negative effects on a living tissue. 
 3 
Also, the containment and structural materials containing the LNG can be 
damaged and fail by embrittlement. Therefore, special attention is needed in selecting 
adequate materials to withstand cryogenic temperatures. For instance, structures with 5-
9% of nickel steel are required in LNG tanks and other process components in contact 
with the LNG (Cormier et al., 2009).    
 
1.2.2 Vapor-cloud fire  
In the case of a release, a vapor cloud is generated by the LNG boiling and 
mixing with the surrounding air. When the cloud is first dispersed it is heavier than air, 
then it is further mixed and diluted with more air as it goes downwind.  Flammable 
limits of the LNG cloud range from 5 to 15% in volume concentration, and it becomes 
hazardous when during its traveling path an ignition source is found. If this flammable 
cloud ignites, the resulting flame will propagate through the cloud and then back to the 
source. Figure 1.1 shows an example of vapor cloud fire from the China Lake 
experiments. Vapor cloud fire can cause severe burns to people in its influence zone, and 
also it could damage equipment depending on the exposure time (Raj, 2007). 
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Fig 1.1. Vapor cloud fire in China lake (Raj, 2007) 
 
 
 
1.2.3 Pool fire  
LNG releases of sufficient flow rate and time could create a pool on the ground. 
In the case of ignition it will create a pool fire. As can be seen in figure 1.2, the effects of 
a pool fire are localized but it has a longer duration in comparison with a vapor cloud 
fire; therefore, it is possible that the pool fire will remain and expand if a spill continues 
feeding the pool (Qiao et al., 2006).    
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Fig. 1.2. LNG pool fire (Raj, 2005) 
 
 
 
1.2.4 Torch fire  
When a release comes from pressurized containment, a spray with liquid droplets 
is formed. In the case of ignition, a torch fire is developed leading to direct flame with 
radiant heating. In comparison with pool fires, torch fires present the same type of 
hazard, but a torch fire is often greater than a pool fire; because the torch fire tends to 
produce a larger flame.     
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1.2.5 Rapid phase transition  
This phenomenon has been observed in the case of LNG release on or under 
water, with a characteristic spontaneous generation of vapor as the cold LNG is 
vaporized from heat gained from the spill surface, and with a flameless explosion.  
The hazard potential of rapid phase transitions can be severe; however, they will not 
propagate further than in the immediate vicinity of the spill area (Qiao et al., 2006). 
 
1.2.6 Confined space explosion  
This type of hazard occurs when the vapor cloud traveling downwind finds a 
confined space, where in the case of ignition the accumulated vapor could lead to an 
explosion. The damage caused by this explosion could be small or large depending on 
whether the pressure limit of a building is exceeded.  
 
1.3 STANDARDS AND REGULATIONS 
1.3.1 DOT 49 CFR 193  
This U.S. Federal standard was promulgated by the Department of 
Transportation (DOT) under the title: 49 CFR 193, “Liquefied Natural Gas Facilities: 
Federal Safety Standards”. This regulation covers siting requirements, design and 
construction, equipment, operations, maintenance, fire protection, and security. 
Regarding the safety requirements in an LNG facility, an impounding system is 
necessary as well as calculations of vapor dispersion and thermal exclusion zones to 
ensure public safety beyond a given facility’s fence line.  
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1.3.2 NFPA 59A  
The National Fire Protection Association (NFPA) covers information related to 
safety and security in process systems, storage areas, piping systems handling LNG 
through the NFPA 59A: “Standard for the Production, Storage, and Handling of 
Liquefied Natural Gas (LNG)”.  Impounding systems that can contain a possible LNG 
spill, as well as dispersion and thermal exclusion zones, also are required under NFPA 
59A. Exclusion zones extend from the point of the release to the distance reached by the 
vapor cloud in terms of the half Lower Flammability Limit (LFL). 
 
1.3.3 U.S. Coast guard (USCG) regulations  
This regulation entitled as “Liquid Flammable Gases,” is related to tanker design 
and facility sitting. It determines how to transport LNG safely and requires the use of 
manuals where ships operate. Safety rules also are required for specific ports to reduce 
accident risk.  
 
1.4 CONSEQUENCE ANALYSIS REQUIREMENTS 
Vapor cloud fires and pool fires are two main hazards in an LNG facility, which 
have a delayed and immediate potential of ignition, respectively. Regulations such as 
NFPA 59A and 49 CFR 193 provide procedures to analyze the consequences of these 
hazards in an LNG facility, allowing the design engineer to apply creative solutions to 
mitigate catastrophic events.  
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1.4.1 Estimation of the vapor cloud fire exclusion zone  
Regulations such as 49 CFR 193 require the estimation of pool fire and vapor 
cloud safety distances through simulation tools (U.S. Department of Transportation, 
2002). This regulation allows using software such as DEGADIS and FEM3A to perform 
vapor dispersion simulations; while for pool fire simulations the allowed software is 
LNGFIRE3. 
NFPA 59A defines “accidental design spill” as the most representative and 
likely-to-occur spill; based on historical experience and special features in an LNG 
facility. Design spills must be used as inputs in consequence analysis of an LNG facility 
and its surrounding area.   
The spill volume is calculated using the following equation: 
 
Spill Volume = [(Spill Time) × (Flow Rate)] + Pipe Drainage    (1.1) 
 
Definition of a design spill is basically the same in 49 CFR 193 regulation, with 
exception of the process transfer area. The use of a continuous release is present in both 
NFPA 59A and 49 CFR 193 standards. 
 
1.4.2 Estimation of the pool fire thermal exclusion zone 
In the event of a pool fire, people and property could be severely affected by the 
radiation and contact with flames; therefore, determination of fire thermal exclusion 
zone is necessary and required by U.S regulations. The estimation of this exclusion zone 
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has different approaches depending on the assumed scenario involved, although the 
equations to calculate them are similar.      
Requirements for modeling hazard scenarios are given by 49 CFR 193 and 
NFPA 59A (section 2) regulations, and they are focused on large volume LNG storage 
areas. LNGFIRE simulation model is required by NFPA to calculate thermal radiation 
distances, and its predictions are based on calculation of basic flame geometry and 
surface radiation flux. Other alternative models are available, and they have been 
validated by experimental data taking into account the same physical factors. 
Regulations such as the European EN 1473:1997 describe maximum thermal 
radiation flux at the property boundary in an LNG facility, with values of 5 kW/m2 for 
urban areas, and 1.5 kW/m2 for critical areas. 
 
1.5 DISPERSION MODELING AND MODELS CLASIFICATION 
1.5.1 Dispersion modeling 
The modeling of the vapor dispersion phenomena is mainly due to two main 
steps: the source term and vapor dispersion. For this research the source term is modeled 
by a pool formation from an LNG spill; on the other hand, the vapor dispersion describes 
the physical process of the gas entrainment in the air and its posterior dilution.  
Figure 1.3 describes the phenomena involved in vapor dispersion. The source 
term represents the evaporation rate for a given release scenario. The most common 
scenario is the pool formation due to a continuous LNG release in a confined area. The 
evaporation rate depends mainly on the heat transfer between the liquid pool and the 
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contacted surface. In the case of a release on ground, the evaporation rate will decrease 
over time, because the freezing effect of the ground in contact with the cold LNG. If the 
pool is formed on water, the evaporation rate will be more continuous, and it will depend 
on the turbulence created during the release (Cormier, 2008). 
Once the source term is initiated, the phenomenon of vapor dispersion downwind 
follows. In the case of LNG, the dispersion follows a heavier-than-air gas behavior, 
because its density and cold temperature. 
At the beginning, the evaporation is caused by the heat transfer from the 
surroundings, with a quick vapor expansion and negative buoyancy effects. Then, the 
wind entrainment creates a horizontal mixing and dilution of the vapor. In this stage, the 
vapor has a neutral buoyancy but as it travels downstream it becomes positive buoyant. 
Atmospheric conditions also play an important role; for instance, during unstable 
atmospheric conditions the buoyancy turbulence is present, while during stable 
conditions the turbulence is negligible (Cormier, 2008). 
Figure 1.3 also indicates the flammable region of LNG, which ranges from 5% 
(Lower Flammability Limit, LFL) to 15% (Upper Flammability Limit, UFL). The 
concept of exclusion zone or safety distance is defined as the point when the LNG gas 
mixture is below the Lower Flammability Limit (LFL); therefore, after that distance the 
vapor cloud will not ignite.   
The purpose of this section was to explain briefly the phenomena involved in the 
dispersion modeling; the equations for pool formation and vapor dispersion are 
explained in detail in Chapter III. 
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Fig. 1.3. LNG vapor dispersion phenomena (Cormier, 2008) 
 
 
 
1.5.2 Dispersion models classification 
A wide range of models for LNG vapor dispersion is available to assess the 
scenario of an LNG spill. For a better understanding of the capabilities and limitations of 
these models, they can be categorized in four groups: Workbooks/correlations, Shallow 
layer models, Integral models, and Computational Fluid Dynamics (CFD) models. 
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1.5.2.1 Workbooks/correlation models 
This type of model uses empirical relations to solve two given quantities. The 
model expresses the spreading rate in terms of correlations between downstream 
distance and atmospheric stability. The main advantages of this model are its simplicity 
and quick application; however, it can only be applied to simple scenarios because it 
presents limitations in complex situations (Crowl & Louvar, 2002).     
 
1.5.2.2 Shallow layer models 
They have a combination of some features of integral and CFD models. For a 
dense gas simulation, depth-averaged variables are used to predict the flow behavior. 
This model is physically realistic and ideal to simulate dispersion over sloping terrain, 
because they are less empirical than integral models but easier to use than CFD models. 
However, they need more computational time in comparison with integral models; for 
that reason, they are not broadly used in commercial applications and are more popular 
for research purposes (Hankin, 2003).     
 
1.5.2.3 Integral models 
Differential equations are used in these models to describe the integral properties 
of a flow. In the case of heavy gas clouds, this model uses a cylindrical box considering 
radius and volume properties varying over time. For this reason, this model is also 
known as a box model. 
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Source and dispersion are commonly used separately in integral models; for the 
case of LNG, the source is often modeled as a pool. For the case of dispersion, this 
model allows different properties such as wind speed, surface roughness and 
atmospheric stability, but these properties are modeled as constant over time (Spicer & 
Havens, 1987).  
Some advantages of using this model are its good prediction capability and its 
quick run on the simulated scenarios. For this reason, they are broadly used for hazard 
assessments. The main disadvantage of these models is that they usually do not take into 
account obstacles or non-flat terrain in the calculation; therefore, sometimes the results 
obtained with these models are conservative. Some examples of common integral 
models include SLAB, DEGADIS, and PHAST (Puttock, 1987). 
 
1.5.2.4 CFD models 
This type of model develops a numerical solution using Navier-Stokes equations 
for three dimensional time-dependent flow equations. Its main advantage is the inclusion 
of the effects of complex geometries, such tanks or dikes, in the simulation solution on 
flow and dispersion. The approach in simulating vapor dispersion is more realistic and 
accurate than other models (Chan, 1992). The main disadvantage of this model is the 
required simulation time, which can be a few hours or many days, depending on the 
complexity of the scenario and computational meshing involved. Another disadvantage 
is the relative difficulty during the set up process and the significant computer resources 
 14 
 
needed; for this reason, this type of simulation must be performed by an experienced 
user (Chan, 1994).  
Some examples of CFD models widely used are FEM3A, FLUENT, CFX, and 
FLACS. Most of them have been validated against full scale or wind tunnels 
experiments.  
 
1.6 LNG EXPERIMENTS 
1.6.1 Large scale experiments: Falcon tests   
The most significant field trial experiments of LNG release in the presence of 
obstructions are the Falcon trials undertaken in 1987. The Falcon tests were large scale 
experiments developed in 1987 by Lawrence Livermore National Laboratories at 
Frenchman Flat, Nevada. The intention of the tests were to evaluate the effectiveness of 
vapor barriers on mitigating the hazard distance produced in an eventual LNG release 
and also to provide broad data for future validation studies (Brown et al., 1990). 
Five LNG spills were created with volumes from 20 m3 to 63 m3 onto a water 
pond equipped with a water circulation system to stimulate rapid vaporization of the 
LNG and to assure that the evaporation rate was as close as possible to the spill rate. 
An uniform LNG distribution on the pond was provided by a spill “spider” system, 
which consisted of a main pipe with 4 smaller pipes in its extreme; each small pipe had 
0.11 m in diameter and was spaced 90 degrees between each other.   
A vapor fence was constructed around the water pond using fiberglass material, 
with dimensions of 44 m by 88 m and a height of 8.7 m. A billboard structure with 
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dimensions of 17.1 m wide and 13.3 m height, was located upwind the water pond in 
order to simulate the turbulence effect of a storage tank inside the fence. The 
experimental setup of the Falcon 1 test is shown in Figure 1.4.  
Temperature and gas concentration values along the path of the vapor cloud were 
of special interest in this experiment. An array of sensors for these parameters were 
located in stations at 50 m, 150 m, and 250 m downwind the water pond; at heights of 1 
m, 5 m, 11 m and 17 m above to the ground. 
 
 
 
 
Fig. 1.4. Falcon 1 test configuration (Gavelli et al., 2008) 
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1.6.2 Medium and small scale experiments 
In previous years, a series of medium and small scale experiments have been 
performed to analyze the behavior of vapor dispersion including the presence of 
obstacles. Some of the most relevant experiments carried out are explained below. 
 
1.6.2.1 BA-Hamburg trials 
These experiments were carried out by the Meteorological Institute at the 
University of Hamburg. Open wind tunnel was used to study several configurations 
during the BA-Hamburg trials, under scenarios of instantaneous and continuous releases. 
Some of these configurations include crosswind canyons, sloping terrain, 
semicircular fence placed upwind or downwind from a release, and a fence completely 
surrounding a release (Coldrick et al., 2010). The fences were located downwind from 
the release, perpendicular or in angle with the wind direction.  
These experiments provided of useful data on dense gas dispersion for further studies 
and validation purposes. 
 
1.6.2.2 MKOPSC experiments 
From the years 2005 to 2009, six series of small and medium scale experiments 
were performed by MKOPSC and TEEX, at the Brayton Fire Training Field (BFTF). 
During the development of these experiments, LNG containing 98-99.8% methane was 
spilled inside three different concrete pits. The pits contained water inside them, with the 
purpose to promote a constant amount of LNG vaporization, equal to the LNG discharge 
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rate. In order to reduce the vertical fluid momentum at the moment of the discharge, a 
metal plate was located under the pipe discharge end. 
Weather conditions were measured before and during the tests; for instance 
humidity, wind direction and velocity, atmospheric temperature and pressure. Also, 
other parameters of interest for vapor dispersion, such as gas concentration and 
temperature were also measured at different locations and heights along the path of the 
vapor cloud. Figure 1.5 shows the position of the poles with the measurement 
instrumentation over the predicted path of the vapor cloud, using the setup for the 
experiments of the year 2008 (MKOPSC, 2010). 
In the experiments performed from the years 2007 to 2009, wooden boards with 
a height of 6 feet were located around the pits. The reason was to simulate the effect of 
vapor fences in retaining the LNG vapor inside the pits. The experiment results 
demonstrated that vapor fences hold up the vapor cloud increasing the turbulence effects 
inside the pit and for that reason, they help to reduce significantly the safety distance 
downwind.  
Figure 1.6 illustrates the pit with wooden vapor fences around it. Also, poles with 
measurement instruments and the metal plate under the discharge pipe are showed. 
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Fig. 1.5. Position of measurement instrumentation in MKOPSC 2008 experiments (Data 
report of MKOPSC LNG spill tests: 2005-2009). 
 
 
Fig. 1.6. Pit with wooden vapor fences used in MKOPSC experiments (Data report of 
MKOPSC LNG spill tests: 2005-2009). 
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1.6.2.3 Other wind tunnel experiments 
 Previous wind tunnel and full scale experiments were developed in order to 
evaluate the effects that simple geometries, such as cube and cylinder, have over the 
vapor dispersion. Robins and Castro first addressed this topic in 1977, through wind 
tunnel experiments analyzing the process involved in plume dispersion in the vicinity of 
a cube, finding flow patterns and concentration values downwind (Robins & Castro, 
1977). Further experiments were developed in 1993 (Martinuzzi & Tropea, 1993) and in 
2003 (Mavroidis et al., 2003). 
 With regard to the full scale experiments, Ogawa and Oikawa developed field 
studies in 1982, intended to study the cavity wake behind a cube with different wind 
directions (Ogawa & Oikawa, 1982). Also Macdonald studied the effects of an array of 
these geometries in 1998 (Macdonald et al, 1982). Figures 1.7 and 1.8 show the flow 
around cube and cylinder geometries in wind tunnel experiments (Mavroidis et al., 
2003). 
 
 
 
Fig 1.7. Flow around a cube normal to the flow in a wind tunnel (Mavroidis et al., 2003) 
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Fig 1.8. Flow around a cylinder normal to the flow in a wind tunnel (Mavroidis et al., 
2003) 
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CHAPTER II 
INTRODUCTION 
 
2.1 MOTIVATION 
The design of an LNG (Liquefied Natural Gas) terminal and facility requires the 
evaluation of the potential hazards related with its operation, which includes possible 
release of LNG, resulting in flammable vapor dispersing within the facility (NFPA, 
2009). Safety distances are required to prevent damage outside the facilities in the case 
of an LNG release, and regulations such as 49 CFR 193 and standard NFPA 59A require 
the application of advanced simulation tools to assess safety distances for accidental 
release scenarios.  
Several studies in vapor dispersion have been performed in the past; however, 
there are few studies about the effects of passive barriers in reducing the safety distance 
by using CFD (Computational Fluid Dynamic) models. This research has the purpose to 
fill this gap.  
 
2.2 OBJECTIVES 
The main goal of this research is to acquire a better understanding about the 
effects that different geometries (obstacles) may have over LNG vapor dispersion, and 
how much the safety distance could be reduced in presence of these obstacles. To 
accomplish these objectives, commercial CFD software FLACS (Flame Acceleration 
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Simulator) is used; given its ability to accurately simulate the dispersion of an LNG 
vapor cloud (Hansen et al., 2010).  
The main objectives of this research include: 
 To develop a CFD model tool that can be used for simulating LNG vapor 
dispersion through obstacles.  
 Validation of developed model against a large scale experiment (Falcon 1 test). 
 To perform a parametric analysis over the main parameters involved in vapor 
dispersion to determine their significance in vapor concentration reduction. 
 To develop a methodology to assess the vapor concentration reduction through 
the study of tank aspect ratios and porosities within an LNG storage area. 
 Application of a CFD model to assess two specific cases: a better design for 
dikes, as well as a better layout configuration for storage tanks in an LNG 
facility. The goal of both applications was to obtain a reduction in the vapor 
concentration, reducing the safety distance. 
 
2.3 METHODOLOGY 
The method used in this research includes the validation of the Flame 
Acceleration Simulator (FLACS) in accurately simulating LNG vapor dispersion. For 
validation purposes, large scale experimental data from the Falcon tests, and small scale 
experimental data from the MKOPSC tests are used. Large scale experiments considered 
spill volumes of about 40 m3 per release while small scale that amount was about 5 m3.  
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The next step is to study the effects of the obstacles in vapor dispersion. The 
main geometries found in an LNG facility (for instance, in an LNG terminal) are tanks 
and buildings. In this analysis they will be represented as solid cylinders and cubes; the 
exact details of these geometries will be not considered. In future, the methodology 
developed in this study can be easily applied to a specific detailed geometry. 
Concentration measurement points were considered downwind of the studied obstacles 
to gather vapor concentration values. 
In order to know which parameters play a more important role in the vapor 
concentration reduction, a parametric analysis will be done. The knowledge gained from 
this analysis will then be applied to determine optimal passive barriers and LNG tank 
farm layout. Figure 2.1 shows the steps that are used to achieve the research objectives. 
 
 
 
 24 
 
 
 
Fig. 2.1. Research methodology  
 
 
 
2.4 RELATIONSHIP WITH PREVIOUS RESEARCH IN MKOPSC 
This research will expand the knowledge reached so far by the MKOPSC in 
studying and simulating LNG vapor dispersion scenarios. Figure 2.2 shows the findings 
of the MKOPSC about this topic and its relationship with this research. In 2008, Ben 
Cormier conducted a study of the key parameters for vapor dispersion modeling using 
CFX code to determine their effect on LNG vapor dispersion. Also, he analyzed the 
concentration and temperature values of vapor clouds and performed a sensitivity 
analysis over the source term and atmospheric effects (Cormier, 2008).   
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 25 
In 2011, Ruifeng Qi performed a source term study on LNG underwater release. 
His research focused on the measurement of the reduction in the safety distance with the 
use of vapor fences around a pit, comparing a scenario with-fence versus with-no-fence. 
Validation of the experimental data of the MKOPSC using the CFX code was 
performed, along with a sensitivity analysis for the mesh size and the source term 
turbulence (Qi, 2011). 
As mentioned earlier, this research will use the previous findings in order to 
analyze the effects of passive barriers in vapor dispersion using CFD code by modifying 
the shape, height, and width of passive barriers and also the roughness and wind speed. 
Parametric analysis will be used to quantify the effects of obstacles and passive barriers 
in vapor dispersion phenomena.       
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Fig 2.2. Relationship of this research with previous work in LNG vapor dispersion at 
MKOPSC 
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CHAPTER III 
FLACS CAPABILITIES AND VALIDATION 
 
FLACS is a CFD tool that can address complex scenarios and it is commonly 
used for dispersion modeling of flammable and toxic gases. This tool was developed in 
1980 at the Department of Science and Technology at Christian Michelsen Institute 
(CMI); some years later they established Gexcon as a consultant company which 
currently holds the property rights of the FLACS code (Gexcon AS, 2011). 
Previous studies have been carried out reviewing many aspects of FLACS such 
as the studies performed in 2004 (Hanna et al., 2004) and in 2008 (Hansen et al., 2008). 
Also, independent studies by the Health and Safety Laboratory have been done.  Lately, 
a validation of FLACS against gas dispersion experiments was performed following the 
Model Evaluation Protocol (Hansen et al., 2010). 
On October 7, 2011, FLACS was approved to be used for modeling vapor 
dispersion scenarios by The Pipeline and Hazardous Materials Safety Administration 
(PHMSA) of the U.S. Department of Transportation.  In this manner, FLACS is the only 
approved model for simulating LNG dispersion scenarios for facility siting in the United 
States (Gexcon website, 2012).   
This chapter will explain the capabilities and mathematical models used by 
FLACS; for instance, the dispersion model which solves the Reynolds-averaged-Navier-
Stokes (RANS) equations on a non-uniform Cartesian grid. In the case of the pool 
model, governing equations and the expressions for a spreading pool are presented. 
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3.1 CAPABILITIES OF FLACS IN DISPERSION MODELING 
This software presents many advantages in simulating different scenarios such as 
dense or buoyant gases in open or obstructed environments. Documentation for 
validation of FLACS is available from different papers or from Gexcon website, and the 
results obtained are in good agreement with experimental data. 
A feature that makes FLACS distinct from other CFD models is its distributed 
porosity model for small and sub-grid scale obstacles; which allows a relative rapid 
simulation in comparison with other CFD codes.  In general purpose CFD codes the 
source model is not usually available; however, FLACS includes source models for 
evaporating pools as well as for flashing and high-pressure releases. 
Set up options for different boundary conditions also are available in this 
software, which takes into account atmospheric stability classes and surface roughness in 
the simulation domain.  Furthermore, FLACS includes a suitable turbulence model and 
solution methods such as wall functions, pressure correction algorithms and spatial 
discretization schemes. 
 
3.2 MATHEMATICAL MODELS USED IN FLACS 
LNG dispersion modeling involves two main steps: the pool source and its 
posterior vapor dispersion. This section will cover the mathematical equations used by 
FLACS to address both phenomena.  
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3.2.1 Dispersion model 
FLACS approaches vapor dispersion by solving the Reynolds-averaged-Navier-
Stokes (RANS) equations on a non-uniform Cartesian grid. The model allows including 
temperature profiles as a function of Pasquil-Gifford stability classes; and also wind 
velocity, turbulence, and surface roughness length (z0) are considered. 
Properties of the atmospheric boundary layer on the floor’s surface are 
reproduced by using wind boundaries. The buoyancy effects on the atmospheric 
boundary layer are explained by the characteristic length scale, which is shown in the 
equation 3.1 (Monin & Obukhov, 1954). 
  
    
          
     
                                                                      (3.1) 
 
In equation, u* is the friction velocity and Hs is the sensible heat flux from the 
surface. Stability of the atmospheric boundary can be measured by the value of the 
Monin-Obukov length. 
Table 3.1 shows the relationship between Monin-Obukov lengths and the atmospheric 
stability (Bosch & Weterings, 2005). 
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Table 3.1 Relationship between Monin-Obukhov length and atmospheric stability 
(adapted from Bosch & Weterings, 2005). 
 
Monin-Obukhov length  Stability Condition 
Small negative, -100m < L0  Very unstable 
Large negative, -105 < L < -100  Unstable 
Very large,  L > 105 Neutral 
Large positive, 10 < L < 105 Stable 
Small positive, 0 < L < 10  Very stable 
 
 
 
To estimate the Monin-Obukhov length, FLACS uses the Pasquill stability 
classes which indicate the level of turbulence present in the atmosphere. In the initial set 
up the user has to include the wind velocity (U0) at a reference height (zref), the Pasquill 
stability class, and also the atmospheric roughness length (z0). 
 
The logarithmic velocity profile is given by equation 3.2. 
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In the equation (3.3), u* is the friction velocity and zd is the canopy height. 
 
Term    is defined in the next equation: 
 
      
 
 
 
                                                                                               
    
   
 
     
    
 
             
 
 
                        
               
 
 
                                                          
       (3.4) 
 
where         = (1 – 16 z/L)1/4                                                                                (3.5) 
 
Table 3.2 shows the wind profile parameters used to calculate velocity, k, and ε values at 
wind boundaries.  
 
Table 3.2 Wind profile parameters: Ls, Zs, and h (adapted from Bosch & Weterings, 
2005; Golder, 1972; and Han et al., 2000). 
Pasquill class Stability 
Boundary layer 
height, h 
Ls Zs 
A Unstable 1500 m 33.162 m 1117 m 
B Unstable 1500 m 33.258 m 11.46 m 
C Slightly unstable 1000 m 51.787 m 1.324 m 
D Neutral 
  
1.0 m 0 m 
E Slightly stable 
  
- 48.33 m 1.262 m 
F Stable 
  
- 31.323 m 19.36 m 
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A simpler way to calculate the Monin-Obukhov length is by Golder’s equation 
which uses the values from Table 3.2 (Golder, 1972). 
 
 
 
 
 
  
    
  
   
                                                                                                       (3.6) 
 
In the case of the wind boundary profiles for turbulent kinetic energy, FLACS 
uses the equations proposed by Han et al. (2000) to calculate k and ε. 
The heated air close to the ground surface causes unstable boundary layers, because the 
air density close to the ground is lower than the air above, generating unstableness.    
For unstable boundary layers (A, B, and C), the inlet profiles are: 
 
     
 
 
 
 
                    
 
 
 
 
 
                                    
          
 
    
 
 
 
      
 
    
 
 
                      
                    (3.7) 
 
and 
 
     
 
 
    
  
       
 
 
 
 
 
 
   
                                                             
   
 
        
 
 
                                                            
               (3.8) 
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The heat velocity w* is given by the next expression: 
    
        
      
 
 
 
                                                                                                (3.9) 
 
For neutral and stable boundary layers; relations between friction velocity and 
Monin-Obukhov length are given: 
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and 
 
      
   
  
         
 
 
                                                        
   
  
         
 
 
                                  
                       (3.11) 
 
 
3.2.2 LNG pool model 
The governing equations for a spreading pool in FLACS takes into account the 
friction, heat and mass transfer. This model has been validated for a spreading pool with 
and without obstacles under different conditions: adiabatic, on water, and on soil.   
For cryogenic liquids such as LNG, the heat transfer is dominated by the heat 
from the substrate where the pool is formed. The equation 3.12 gives the heat transfer 
from all types of ground at non-boiling conditions:   
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Equation 3.12 is only valid for conductive heat transfer; some parameters are: αg 
which is the thermal diffusivity, λg is the thermal conductivity, tgw is the time when the 
pool starts, and   
  is the ground temperature before the ground is wetted.  
Besides the conductive heat transfer, there is a convective contribution between 
the spreading pool and the ground, which is showed in equation 3.13. 
 
                 
       
     
 
   
                                                               (3.13) 
 
where:  
λl:   Conductivity 
Prl:  Prandtl number of the pool liquid 
  
 : Ground temperature at the surface.  
 
 
Therefore, the total heat transfer for pools at non-boiling conditions, and on all 
types of ground can be calculated by using the cubic blending function: 
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The term   
  given in equation 3.13 indicates the ground temperature at the 
surface, which can be calculated by the next equation: 
 
  
    
   
      
  
 
          
 
                                                                                 (3.15) 
 
When the pool develops on smooth surfaces such as water; instead using the 
equations explained above, the boiling heat transfer equations are used. When the 
surface temperature where the pool is formed is at least 4 K higher than the boiling point 
temperature of the pool liquid, a phenomenon called slight superheat occurs. Nucleate 
boiling of a pool is assumed for slight superheats; and Cooper’s correlation is used to 
calculate the heat transfer generated: 
 
           
            
             
      
                                              (3.16) 
 
and 
 
pr = psat/pc                                                                                                                                                                     (3.17) 
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where:  
psat:  Saturation pressure 
pc:    Critical pressure 
 
Then, the nucleate boiling heat transfer is used instead of the conductive heat 
transfer in the cubic blending function to calculate the total heat transfer. 
During the film-boiling regime, expressions for transition boiling and film 
boiling heat transfer are used according to (Conrado & Vesovic, 2000): 
 
    
 
 
 
 
 
                                                                                                                 
 
 
        
 
 
         
        
    
          
      
    
                  
 
 
        
 
  
 
 
                                                                                       
    (3.18) 
 
where the term q˙g,film is the film boiling heat transfer for a fluid in rest. 
 
The convective heat transfer, based on boundary layer theory, is given by the next 
expression: 
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Term  T+ is given by a two-layer model: 
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The convective mass transfer is given by the next expression: 
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where x = Pg/P0  
 
and x+ is calculated by: 
 
    
                                                                           
      
   
 
    
  
  
                                           
                                  (3.22) 
 
The radiative heat transfer caused by the contribution of the sun and surroundings can be 
calculated by:  
 
                     
       
                                                               (3.23) 
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where:  
w: Albedo 
Ɛg : Emission coefficient of the surrounding gas 
 Ɛp: Emission coefficient of the pool liquid 
 Σ: Stefan-Boltzmann constant. 
 
The total evaporation rate is given by the sum of the convective mass transfer and 
boiling: 
 
                                                                                                               (3.24) 
 
where: 
 
           
          
    
                                               (3.25) 
 
The next equation shows the heat transfer due to evaporation: 
 
                                   (3.26) 
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3.3 VALIDATION OF FLACS AGAINST FALCON 1 TEST 
Previous validation studies of Falcon tests were performed using CFD tools; for 
instance, FLUENT code was used to simulate the Falcon 1 test, providing some of the 
necessary parameters to accurately predict this test. Also, a comparison between 
experimental and simulation results was provided (Gavelli et al., 2008).  
On the other hand, FLACS code was validated against Falcon tests using the 
model evaluation database for LNG vapor dispersion, showing reliable results in its 
prediction (Hansen et al., 2010).  
For the purpose of this research, it is important to demonstrate that the results 
obtained by different authors with regard to the Falcon 1 test, can be replicated using 
FLACS. By doing this, it can be inferred that the model is reliable and can be applied to 
other scenarios involving LNG releases. 
This section is going to develop the validation for the Falcon 1 test using 
FLACS, and the results obtained are going to be compared with previously reported 
results in FLUENT (Gavelli et al., 2008). 
 
3.3.1 Computational geometry and meshing 
The Falcon 1 test considered an LNG release inside a water pond surrounded by 
vapor fences and a billboard structure located upwind. The details of this experiment 
were explained in detail in Chapter I.  
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The simulation domain considered the x axis as horizontal and parallel to the 
wind direction, y axis as horizontal in the crosswind direction, and the z axis as vertical. 
The origin point was located in the center of the downwind fence, at ground level.  
The computational domain considered ranges from -200 m to 300 m in the x-direction, 
from -250 m to 250 m in the y-direction, and from 0 m to 50 m in the z-direction. 
Water pond, vapor fences, and the billboard were included in the model to take 
into account their effects in vapor dispersion. Figure 3.1 shows the computational 
geometry generated in FLACS for the Falcon 1 test.  
 
 
Fig. 3.1. Computational geometry generated in FLACS for Falcon 1 test 
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Meshing process was performed on the domain, with a grid refinement close to 
the pool leak and the obstacles considered in the set up.  
The total control volumes were 382,000; with Cartesian grid cells about 0.8 x 0.8 x 0.5 
m in the refinement zone. Figure 3.2 shows the details of the meshing and refinement on 
the simulation domain.  
 
 
Fig. 3.2. Detail of meshing and refinement on the simulation domain 
 
 
 
3.3.2 Simulation set up 
Monitor points for measuring vapor concentration were located downwind the 
vapor fence, using the same location as in the Falcon 1 experiment. Boundary 
conditions, which are a set of differential equations at the boundary of a given domain, 
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were considered for the outlet simulation domain. Wind inflow boundary was assumed 
in the x direction (upwind from the vapor fence) and along the y direction. Nozzle 
condition was considered for the outflow boundary in the x direction (downwind from 
the vapor fence), and also on the top of z direction.  
As initial conditions, wind velocity of 1.7 m/s measured at 2 m height. Pasquill 
stability class “D” and an ambient temperature of 32.8 ºC were selected. The 
aerodynamic roughness length (z0) was 0.03, similar to typical values for flat terrain. 
FLACS pool model was used to calculate the pool formed during the LNG spill 
and the vaporization rate generated from it. LNG with a composition of 95% methane, 
4% ethane and 1% propane was released inside the water pond with a spill rate of 202 
kg/s, during a total time of 131 s. The model takes turbulence caused by the LNG 
discharge into consideration by a relative turbulence intensity of 0.05, similar to medium 
turbulence intensity.  
  
3.3.3 Simulation results 
Comparison between the experimental data in Falcon test 1 and the results 
obtained with FLUENT (Gavelli et al., 2008) and FLACS (this work) are shown in 
Figure 3.3.  
The continuous blue line represents the experimental data, while the FLUENT 
simulation result is shown by the profile green line. The FLACS simulation result 
obtained in this research is shown by the continuous black line. 
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The results obtained with FLACS indicated that the cloud pass over the fence at 
approximately a time of 70 s, when it reaches the analyzed concentration measurement 
point. Afterwards, the concentration will build up until it reaches 7.5% v/v at a time of 
260 s, and then it finally decreases. 
Both models (FLACS and FLUENT) showed the same pattern and they are 
reasonable accurate despite the under-prediction in the simulation results. The reason for 
this under-prediction was the peculiar release conditions during the Falcon 1 
experiments, where a high pressure jet was observed, with associated flashing and 
aerosol formation. Therefore, it is concluded that the difference between experimental 
and simulation results are given because the definition of the source term, rather than a 
deficiency with the model.    
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Fig. 3.3. FLACS validation against experimental data and FLUENT simulation 
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CHAPTER IV 
PARAMETRIC ANALYSIS AND SIMULATION 
 
The first chapter explained that vapor dispersion modeling includes two main 
phenomena: the source term and vapor dispersion. This research is focused on the vapor 
dispersion and the effects of the key parameters in reducing the concentration values by 
enhancing mixing of LNG vapor with air. Five key parameters were selected and 
studied: height, width, and shape of the obstacles as well as ground roughness and wind 
velocity (Cormier, 2008). 
This chapter is divided in two main sections: vapor cloud behavior under 
different parameters, and parametric analysis. The first section explains the different 
behavior that a vapor cloud when a variation in the parameters mentioned above is 
performed. The second section discusses the parametric analysis performed on the 
analyzed parameters and finds the parameters contribution in the concentration 
reduction. 
 
4.1 SIMULATION SETUP 
Previous wind tunnel experiments studied the behavior and dispersion of heavier-
than-air gases passing through two main obstacles: cube and vertical cylinder (Mavroidis 
et al., 2003). Although LNG was not used for these experiments, its properties are 
comparable to a heavier-than-air gas; therefore, a similar behavior can be expected.  
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Inside an LNG facility, for instance an LNG terminal, the main obstacles that can 
be found are buildings and tanks, which for simulation purposes can be generalized as 
cubes and cylinders, respectively. The effects that these obstacles may have over an 
LNG vapor dispersion scenario are going to be analyzed by using FLACS code. The 
setup for the simulation analysis is similar to the wind tunnel experiments developed by 
Mavroidis in 2003, and explained in Chapter I.   
The release source was located upwind from the analyzed obstacles, at a distance 
2 times larger than their width, which for these simulations was 3 meters. In the same 
manner, concentration measurement points were considered downwind from the rear 
face of the obstacle, and located at distances 2 times their width, as observed in Figure 
4.1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
  (a)                                                                (b)  
Fig. 4.1. Location of the source and measurement points for gas concentration in the 
cases of: cube (a) and cylinder (b). 
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4.2 VAPOR CLOUD BEHAVIOR ON DIFFERENT PARAMETERS 
For this analysis a base case scenario was considered, with continuous gas 
release rate of 4.5 kg/s initiated at the source point, as indicated in Figure 4.1. FLACS 
diffuse model was used for the simulations, because it allows a release with low 
momentum and velocity, similar to the gas release characteristics in wind tunnels. 
Neutral stability conditions were considered with a low wind velocity of 1.5 m/s, and 
ground roughness value of 0.03. 
 
4.2.1 Shape effect 
The effect that shape of the obstacles plays on the vapor dispersion was evaluated 
by analyzing two different obstacles: cylinder and cube. The simulation results for these 
obstacles are shown in Figure 4.2. This figure shows the contours of the flammable 
region with a gas concentration from the ½ Lower Flammability Limit (LFL) to the 
Upper Flammability Limit (UFL). For LNG vapor the LFL and UFL values are 5 and 
15% by volume, respectively. At time t= 180 seconds, it can be seen that the 
concentration values downwind from both the cube and cylinder along the centerline are 
lower than the ½ LFL value, falling out the flammability region. This region is plotted 
with no color, and it is more pronounced for the case of the cube compared with the 
cylinder. The reason for this behavior is because cylinders and cubes produce different 
flow patterns, causing a faster reattachment of the cloud in the case of cylinder, after the 
gas cloud passed through it 
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Fig. 4.2. Shape effect on vapor cloud for cube (a) and cylinder (b). 
 
 
 
(b) 
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Figure 4.3 compares concentration values obtained with the cylinder and cube obstacles 
at different distances (in meters) downwind from the obstacles at t= 180 seconds. 
 
 
Fig. 4.3. Concentration values along the centerline for cube and cylinder. 
 
 
 
4.2.2 Height effect 
 In this case, the height of the obstacles was increased from 3 meters to 6 meters; 
however, the width was kept constant at 3meters. Figure 4.4 shows the flammable region 
contours of the vapor cloud for the cube case. The wider region (with no color) 
downwind from the cube indicates that the concentration values along the centerline 
were decreased by augmenting the height of the cube. 
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Fig. 4.4. Height effect on vapor cloud for a 3m cube (a) and increased height of cube to 
6m (b). 
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Figure 4.5 shows the concentration values and the concentration reduction (in 
percentage) along the centerline, for the cube and cylinder obstacles. In this case, the 
concentration values were decreased by 90% for the cube, while for the cylinder this 
reduction was 85%.  
 
 
 
Fig. 4.5. Concentration values and reduction efficiency for cube and cylinder. 
 
 
 
4.2.3 Width effect 
 Modification in the obstacles was done by doubling their width from 3m to 6m, but 
keeping the height at 3m. A similar behavior as the previous case was obtained. Figure 
4.6 shows the comparison between the flammable regions of the vapor clouds, for the 
cube case. It is concluded that an increment in the width of the obstacle results in a 
0.0
10.0
20.0
30.0
40.0
50.0
60.0
70.0
80.0
90.0
100.0
0.00
0.20
0.40
0.60
0.80
1.00
1.20
Obstacle Height (m)
V
ap
o
r 
co
n
ce
n
tr
at
io
n
 (
V
o
l.
 %
)
C
o
n
ce
n
tr
at
io
n
 R
e
d
u
ct
io
n
 (
%
)
3m                 6m
Cube
3m                 6m
Cylinder
 52 
 
decrement in the concentration values along the centerline, as indicated by the region 
with no color downwind from the cube. 
 
 
 
Fig. 4.6. Width effect on vapor cloud for a 3m cube (a) and increased width of cube to 
6m (b). 
 
(a) 
(b) 
 53 
 Figure 4.7 shows the concentration values and concentration reduction (in 
percentage) along the centerline for the cube and cylinder cases. The concentration 
reduction was 84.5 % for the cylinder and 82.6 % for the cube. 
 
 
Fig. 4.7. Concentration values and concentration reduction for cube and cylinder with 
increased width. 
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concentration reduction values are noticeably decreased not only along the centerline, 
but also in the dimensions of the cloud. For this case the safety distance (½ LFL) was 
reduced from 90 meters to 50 meters approximately. 
 
 
 
 
 
 
Fig. 4.8. Cloud shape for cube with roughness 0.0002 (a) and roughness 0.03 (b). 
(a) 
(b) 
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Figure 4.9 shows the concentration values and the reduction efficiency along the 
centerline for the cube and cylinder cases. For the cube, a concentration reduction of 85 
% was obtained and for the cylinder this reduction was 80 % when surface roughness 
was increased from 0.0002 to 0.03. 
 
 
 
Fig. 4.9. Concentration values and concentration reduction for cube and cylinder with 
different roughness values. 
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the wind velocity was 6 m/s. However, there also are some traces of flammable mixture 
on the sides, caused by the separation of the cloud after it passed through the cube.  
 
 
 
 
 
Fig. 4.10. Wind velocity effect for a velocity of 1.5 m/s (a) and 6 m/s (b). 
(a) 
(b) 
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4.3 PARAMETRIC ANALYSIS 
The previous analysis allowed us to understand the effect of a single parameter 
on LNG vapor behavior; however, not a combined effect of all of them. Parametric 
analysis allows combining all the levels involved in the vapor dispersion through 
obstacles, investigating the effects of each simple factor (parameter) and also the 
interaction of them; therefore, it is possible to find the joint effect of the factors on a 
given response (Montgomery & Runger, 2006). Different factors that will be 
investigated in this section are the same as discussed earlier: height, width, geometry 
shape, surface roughness and wind speed.   
A special case of 2k factorial design is used in this research. In this design, k 
represents the five factors discussed earlier, and they are analyzed at two levels. The 2k 
factorial design is applied to two accidental scenarios. In first of these, LNG spilled onto 
the ground and pool formation was assumed. In the second scenario an LNG jet was 
released. The resulting amounts of simulations were 32 for each case, and they were 
compared with a case of dispersion without obstacles, in order to know the difference in 
concentration reduction. 
Tables 4.1 and 4.2 list all the 32 runs for the pool and jet release cases, 
respectively. The symbols – 1 and + 1 represent the low and high levels of the factors; 
the table also shows the concentration values without obstacles and with obstacles at 3 m 
and 82.5 m downwind the obstacles. Efficiency in concentration reduction also is 
showed for these points. 
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Table 4.1 Simulation details for parametric analysis in pool release case 
Run Wind Shape Height Width Roughness 
Concentration 
with no obstacle 
Concentration 
with obstacle 
Reduction Efficiency (%) 
x = 3m 
x = 
82.5m 
x = 3m 
x = 
82.5 m 
Effic. 
(x=3m) 
Effic. 
(x=82.5m) 
1 -1 -1 -1 -1 -1 0.1786 0.0519 0.0410 0.0107 77.0 79.5 
2 1 -1 -1 -1 -1 0.5648 0.0268 0.0405 0.0119 92.8 55.6 
3 -1 1 -1 -1 -1 0.1786 0.0519 0.0503 0.0154 71.8 70.3 
4 1 1 -1 -1 -1 0.5648 0.0268 0.1298 0.0119 77.0 55.6 
5 -1 -1 1 -1 -1 0.1786 0.0519 0.0172 0.0061 90.4 88.2 
6 1 -1 1 -1 -1 0.5648 0.0268 0.0325 0.0078 94.2 70.8 
7 -1 1 1 -1 -1 0.1786 0.0519 0.0279 0.0081 84.4 84.3 
8 1 1 1 -1 -1 0.5648 0.0268 0.0292 0.0082 94.8 69.4 
9 -1 -1 -1 1 -1 0.1786 0.0519 0.0277 0.0078 84.5 85.0 
10 1 -1 -1 1 -1 0.5648 0.0268 0.0410 0.0204 92.7 23.8 
11 -1 1 -1 1 -1 0.1786 0.0519 0.0311 0.0118 82.6 77.2 
12 1 1 -1 1 -1 0.5648 0.0268 0.0463 0.0095 91.8 64.7 
13 -1 -1 1 1 -1 0.1786 0.0519 0.0073 0.0036 95.9 93.1 
14 1 -1 1 1 -1 0.5648 0.0268 0.0064 0.0032 98.9 87.9 
15 -1 1 1 1 -1 0.1786 0.0519 0.0103 0.0046 94.2 91.2 
16 1 1 1 1 -1 0.5648 0.0268 0.0079 0.0032 98.6 88.0 
17 -1 -1 -1 -1 1 0.1912 0.0134 0.0498 0.0086 85.0 95.3 
18 1 -1 -1 -1 1 0.4784 0.0385 0.0448 0.0113 90.6 70.5 
19 -1 1 -1 -1 1 0.1912 0.0134 0.0579 0.0098 80.5 93.0 
20 1 1 -1 -1 1 0.4784 0.0385 0.1134 0.0146 76.3 62.1 
21 -1 -1 1 -1 1 0.1912 0.0134 0.0263 0.0073 86.3 45.1 
22 1 -1 1 -1 1 0.4784 0.0385 0.0192 0.0021 96.0 94.6 
23 -1 1 1 -1 1 0.1912 0.0134 0.0326 0.0089 82.9 33.6 
24 1 1 1 -1 1 0.4784 0.0385 0.0398 0.0042 91.7 89.2 
25 -1 -1 -1 1 1 0.1912 0.0134 0.0261 0.0068 86.3 49.0 
26 1 -1 -1 1 1 0.4784 0.0385 0.0144 0.0043 97.0 88.8 
27 -1 1 -1 1 1 0.1912 0.0134 0.0329 0.0078 82.8 41.6 
28 1 1 -1 1 1 0.4784 0.0385 0.0375 0.0054 92.2 86.0 
29 -1 -1 1 1 1 0.1912 0.0134 0.0095 0.0047 95.0 65.1 
30 1 -1 1 1 1 0.4784 0.0385 0.0006 0.0003 99.9 99.2 
31 -1 1 1 1 1 0.1912 0.0134 0.0095 0.0052 95.0 60.7 
32 1 1 1 1 1 0.4784 0.0385 0.0022 0.0010 99.5 97.4 
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Table 4.2 Simulation details for parametric analysis in jet release case 
  Wind Shape Height Width Roughness 
Concentration no 
obstacle 
Concentration with 
obstacle 
Reduction Efficiency 
(%) 
x = 3m 
x = 
82.5m 
x = 3m 
x = 82.5 
m 
Effic. 
(x=3m) 
Effic. 
(x=82.5m) 
1 -1 -1 -1 -1 -1 0.0935 0.0276 0.0199 0.0060 78.8 78.3 
2 1 -1 -1 -1 -1 0.0733 0.0343 0.0321 0.0085 56.2 75.2 
3 -1 1 -1 -1 -1 0.0935 0.0276 0.0863 0.0327 7.7 -18.4 
4 1 1 -1 -1 -1 0.0733 0.0343 0.0625 0.0230 14.8 33.0 
5 -1 -1 1 -1 -1 0.0935 0.0276 0.0323 0.0169 65.5 38.9 
6 1 -1 1 -1 -1 0.0733 0.0343 0.0246 0.0051 66.4 85.2 
7 -1 1 1 -1 -1 0.0935 0.0276 0.0791 0.0328 15.5 -18.9 
8 1 1 1 -1 -1 0.0733 0.0343 0.0627 0.0315 14.5 8.2 
9 -1 -1 -1 1 -1 0.0935 0.0276 0.0169 0.0061 81.9 77.9 
10 1 -1 -1 1 -1 0.0733 0.0343 0.0265 0.0054 63.8 84.2 
11 -1 1 -1 1 -1 0.0935 0.0276 0.0325 0.0134 65.2 51.5 
12 1 1 -1 1 -1 0.0733 0.0343 0.0353 0.0159 51.9 53.5 
13 -1 -1 1 1 -1 0.0935 0.0276 0.0126 0.0078 86.5 71.9 
14 1 -1 1 1 -1 0.0733 0.0343 0.0104 0.0056 85.9 83.6 
15 -1 1 1 1 -1 0.0935 0.0276 0.0353 0.0104 62.2 62.3 
16 1 1 1 1 -1 0.0733 0.0343 0.0199 0.0083 72.9 75.8 
17 -1 -1 -1 -1 1 0.0914 0.0282 0.0226 0.0064 75.3 77.3 
18 1 -1 -1 -1 1 0.0743 0.0357 0.0309 0.0092 58.4 74.1 
19 -1 1 -1 -1 1 0.0914 0.0282 0.0844 0.0339 7.6 -20.1 
20 1 1 -1 -1 1 0.0743 0.0357 0.0624 0.0200 15.9 44.1 
21 -1 -1 1 -1 1 0.0914 0.0282 0.0221 0.0079 75.8 72.0 
22 1 -1 1 -1 1 0.0743 0.0357 0.0307 0.0036 58.7 89.9 
23 -1 1 1 -1 1 0.0914 0.0282 0.0794 0.0340 13.2 -20.4 
24 1 1 1 -1 1 0.0743 0.0357 0.0669 0.0219 10.0 38.7 
25 -1 -1 -1 1 1 0.0914 0.0282 0.0187 0.0071 79.5 74.9 
26 1 -1 -1 1 1 0.0743 0.0357 0.0228 0.0063 69.3 82.3 
27 -1 1 -1 1 1 0.0914 0.0282 0.0370 0.0146 59.6 48.4 
28 1 1 -1 1 1 0.0743 0.0357 0.0418 0.0132 43.7 63.2 
29 -1 -1 1 1 1 0.0914 0.0282 0.0127 0.0067 86.1 76.1 
30 1 -1 1 1 1 0.0743 0.0357 0.0093 0.0052 87.5 85.5 
31 -1 1 1 1 1 0.0914 0.0282 0.0299 0.0126 67.3 55.4 
32 1 1 1 1 1 0.0743 0.0357 0.0184 0.0081 75.2 77.3 
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The maximum and minimum values for each analyzed parameter are shown in Table 4.3. 
These values were selected according with worst case and most favorable case scenarios.  
 
Table 4.3 Parameter values for pool and jet releases 
Parameter Min (-) Max (+) 
Wind 1.5 m/s 6 m/s 
Shape Cube Cylinder 
Height 3.0 m 6 m 
Width 3.0 m 6 m 
Roughness 0.0002 0.03 
 
 
 
4.3.1 Analysis of pool release case 
This research uses a statistical experimental design tool called Design Expert 8.7 
for statistical analysis. Figure 4.11 shows a Pareto chart, the result of statistical analysis 
for LNG pool scenario. Here the objective was to determine the significant effect of each 
parameter and their combination in reducing downwind concentration of LNG vapor.  
Pareto chart ranks the effects of the parameters by their magnitude, as a multiple 
of the standard deviation (t-value). This chart provides confidence about the significant 
effects of the parameters (non-zero); for instance, values above the t-Value limit provide 
a 95% confidence that certain effects are possibly significant, while values below the t-
Value limit are not likely to be significant. The Bonferroni limit (red line in Pareto chart) 
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approaches to a 95% confidence level; therefore, the effects sufficiently large will pass 
this limit and they are almost certainly significant (DeLoach & Ulbrich, 2008). 
Generally, it was observed that the height and width of the obstacles compared to 
other factors play a more significant role in reducing LNG concentration downwind and 
enhancing the turbulence when vapor is mixing with the air.  
 
 
 
Fig. 4.11(a). Pareto chart with effects and significance of parameters at downwind 
distance: x = 3 m 
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Fig. 4.11(b). Pareto chart with effects and significance of parameters at downwind 
distance: x = 82.5 m 
 
 
 
From Figure 4.11(a) it is founded that the height, width, and wind velocity, play 
the most important role in the reduction of the vapor concentration, close to the obstacle 
(at 3m). When the concentration measurement is done far away point from the obstacle 
(at 82.5 m), a combination effect of wind velocity and ground roughness becomes more 
important, as can be seen in Figure 4.11 (b).  
Table 4.4 shows the effect list of the parameters analyzed and their contribution 
in the concentration reduction at 3 m and 82.5 m downwind from the obstacle. 
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Table 4.4 Parameter contribution in the concentration reduction for pool release case at 
distances: x = 3 m and x = 82.5 m 
Parameter 
Contribution in the 
concentration reduction (%) 
x= 3m x = 82.5m 
Height 34 19.8 
Width 25.4 7.7 
Wind Velocity 23.3 6.8 
Shape 5.9 0.5 
Roughness 0.1 2.6 
Wind Velocity&Roughness 0.2 51.4 
Other  parameters combination 11.2 11.1 
 
 
 
Reduction of vapor concentration values by interaction between two parameters 
can be better understood by using surface plots. For instance, Figure 4.12 (a) shows the 
efficiency in concentration reduction (in percentage) when the wind velocity or height of 
the obstacle were modified.  By increasing, either wind velocity or height, the 
concentration values can be reduced by about 91%. However, if both parameters are 
increased at the same time, a reduction of 97% could be achieved. Figure 4.12 (b) shows 
the interaction between height and width of an obstacle. The values were measured at 
3m from the rear face of the analyzed obstacle.  
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In the same manner, Figure 4.13 shows the efficiency in concentration reduction 
by the interaction between other main parameters: wind velocity vs. roughness (a), and 
width vs. height (b), at a downwind distance x =82.5 m.   
 
 
 
 
Fig. 4.12. Surface plots of parameter interaction at distance: x = 3 m 
Design-Expert® Software
Factor Coding: Actual
Concentration Reduction
99.8782
69.7266
X1 = A: Wind Veloc.
X2 = C: Height
Actual Factors
B: Shape = Cube
D: Width = 4.50
E: Roughness = 0.02
3.00  
3.60  
4.20  
4.80  
5.40  
6.00  
  1.50
  2.40
  3.30
  4.20
  5.10
  6.00
80  
85  
90  
95  
100  
  
C
o
n
c
e
n
tr
a
ti
o
n
 R
e
d
u
c
ti
o
n
  
  A: Wind Veloc.  
  C: Height  
Design-Expert® Software
Factor Coding: Actual
Concentration Reduction
99.8782
69.7266
X1 = C: Height
X2 = D: Width
Actual Factors
A: Wind Veloc. = 3.75
B: Shape = Cube
E: Roughness = 0.02
3.00  
3.60  
4.20  
4.80  
5.40  
6.00  
  3.00
  3.60
  4.20
  4.80
  5.40
  6.00
75  
80  
85  
90  
95  
100  
  
C
o
n
c
e
n
tr
a
ti
o
n
 R
e
d
u
c
ti
o
n
  
  C: Height  
  D: Width  
(a) 
(b) 
 65 
 
 
 
 
 
Fig. 4.13. Surface plots of parameter interaction at distance: x = 82.5 m 
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4.3.2 Analysis of jet release case 
A similar approach as described above was used for the jet release case. The 
effects and significance of the parameters at a distance of 3 m and 82.5 m downwind the 
obstacles are shown in Figure 4.14, using Pareto charts. 
 
 
 
Fig. 4.14 (a). Pareto chart with effects and significance of parameters at downwind 
distance: x = 3 m. 
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Fig. 4.14 (b). Pareto chart with effects and significance of parameters at downwind 
distance: x = 82.5 m (b) 
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From the Figure 4.14 (a), it is evident that the shape, width, and a combination of 
shape and width are the most important parameters in the reduction of the concentration 
values close to the obstacle. Shape of the obstacle plays an important role in the 
concentration reduction downwind; this behavior is different from the pool case, where 
the shape of the obstacle doesn’t play an important role in the concentration reduction. 
The other important parameters are the height and width of the obstacle, similar 
compared with the pool case; however, with less contribution.   
When the concentration is measured far away from the obstacle (at 82.5 m), 
besides the importance of the shape and width, a combined effect of both plays an 
important role in the concentration reduction, as shown in Figure 4.14 (b). 
Table 4.5 summaries the effect list of the analyzed parameters and their 
contribution in the concentration reduction at 3 m and 82.5 m downwind the obstacle. 
 
Table 4.5 Parameter contribution in concentration reduction for jet release case at 
distances: x = 3m and x = 82.5m 
Parameter 
Contribution in concentration 
reduction (%) 
x= 3m x = 82.5m 
Shape 45.4 42.0 
Width 34.5 20.6 
Height 1.8 0.0 
Wind Velocity 0.9 10.5 
Shape&Width 11.7 13.7 
Other  parameters combination 11.2 13.2 
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Figure 4.15 and Figure 4.16 show the surface plots by interaction between the 
main parameters in the concentration reduction at a downwind distance x = 3m and 
x=82.5 m. Figure 4.15 (a) shows the efficiency in concentration reduction (in 
percentage) when either the wind velocity or the width of the obstacle are modified.  By 
increasing the wind velocity, a concentration reduction of 90% can be obtained, while if 
the roughness is increased the concentration reduction is 82%. If both parameters are 
increased, the total reduction achieved is 92%. The same analysis could be done for 
Figure 4.15 (b) where an interaction between width and height of an obstacle is showed.   
In the same way, Figure 4.16 shows the efficiency in concentration reduction by 
the interaction between other main parameters: wind velocity vs. height (a), and width 
vs. wind velocity (b); at a downwind distance x =82.5 m.   
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Fig. 4.15. Surface plots for parameter interaction at distance: x = 3 m 
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Fig. 4.16. Surface plots for parameter interaction at distance: x = 82.5 m 
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CHAPTER V 
POTENTIAL APPLICATIONS 
 
Parametric analysis demonstrates that the height and width of an obstacle have 
significant effect on LNG vapor dispersion. This chapter discusses the potential 
applications of this understanding. For example, optimization of the aspect ratio for 
LNG storage tank and separation distance (porosity) between them, that will help to 
reduce the LNG vapor concentration values and the safety distance. 
Also specific cases will be studied; for instance, one of the conclusions of the 
parametric study was that the height, more than the width, plays a significant role in 
reducing downwind LNG vapor concentration. This understanding can be put into 
practice by designing a taller dike wall surrounding the LNG storage tank and decreasing 
the distance between the dike and tank wall so that the volume remains the same as 
suggested by the industry standard. 
 
5.1 ANALYSIS OF ASPECT RATIO AND POROSITY 
The previous parametric analysis focused on the effects that a single obstacle has 
over vapor dispersion and its impact in the concentration reduction. However, in an LNG 
facility a set of these obstacles are found and their effects will interact.  
To address this issue, an analysis of the effects that LNG tanks have over vapor cloud is 
performed, considering a potential release of LNG in the storage area of a facility.  
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Aspect ratio of an obstacle is defined as the proportional relationship between its 
width and its height, as shown in equation 5.1: 
 
             
                     
                      
       (5.1) 
 
On the other hand, porosity area is defined as the proportional relationship 
between the void-space and the total space of a determined surface. For this case study, 
they were considered tanks in a linear arrangement as indicated in Figure 5.1. The 
diameter of the tanks is represented by “d” and the distance between them is represented 
by “L”. 
 
 
Fig. 5.1. Tanks’ linear arrangement for aspect ratio and porosity analysis  
 
d: diameter 
L: space between  
tanks 
Wind 
direction 
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Then, the porosity along the x axis is given by the equation 5.2: 
 
             
   
      
        (5.2) 
 
The aspect ratio and porosity along the axis are related in this analysis, since an 
increase in the tank diameter produces a decrease in the porosity over the analyzed axis. 
The aspect ratios considered were 1, 1.5 and 2; while the porosity values obtained were 
0.45, 0.38, and 0.34. How the aspect ratio of a tank influences in the concentration 
reduction of a vapor cloud has not been previously addressed; therefore, this analysis 
will provide new knowledge on this topic.  
The release scenario simulated was an LNG leak due to a pipe rupture; the 
location of the leak was at x= 20 m, in front of the first tank of the storage area. Pool 
formation from the release was assumed, generating a vaporization rate of 110 kg/s for a 
total time of 10 minutes. The vapor generated will flow through the tanks from left to 
right, because the wind is assumed blowing in that direction with a velocity of 1.5 m/s. A 
roughness value of 0.03m was considered along the cloud path.  
Figure 5.2 illustrates the flammability contours of the vapor cloud through three 
tank aspect ratios: 1, 1.5, and 2, at time t = 600 seconds. In Figure 5.2 can be seen the 
different behavior for the flammable contours of the vapor cloud when it passes through 
the tanks. It was observed that the distance traveled by the vapor cloud is slightly 
reduced when the porosity is reduced (diameter increase). 
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Fig. 5.2. Flammability contours through tanks with three different aspect ratios: (a) 1, (b) 
1.5, and (c) 2. 
(a) 
(b) 
(c) 
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A total of nine simulations were performed to combine the three different aspect 
ratios and porosities of the tanks. The vapor concentration values were taken at the end 
of the centerline of the storage area, and were compared in order to determine the vapor 
concentration reduction. 
Figure 5.3 illustrates the concentration reductions (difference between 
concentrations with obstacles and without obstacles) obtained with the tanks at the 
analyzed aspect ratios and porosities along the x axis, measured at a distance of 50 m 
from the border line of the storage area.  
 
  
Fig. 5.3. Concentration reductions at different aspect ratios and porosities at 50 m from 
the storage area border line. 
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The importance of Figure 5.3 is that we can use it to estimate the vapor 
concentration reduction downwind from the LNG storage area by knowing the tanks’ 
aspect ratio or the porosity, perpendicular to the wind direction.  For instance, for a 
storage area containing tanks with an aspect ratio of 1.5 and a calculated porosity value 
of 0.34 (perpendicular to the wind direction), a concentration reduction of about 82% 
can be achieved. This improved understanding will help designers in making better 
decisions in regards to LNG facility layout and in determining the safety distances. 
From Figure 5.3, it can be seen that the difference in the percentages between the 
concentration reductions achieved with the three aspect ratios is small, about 1.5 % 
between aspect ratio 1 and 1.5; and about 1.0 % between aspect ratio 1.5 and 2. Also, the 
results indicate that the concentration reduction is higher when the porosity along the “x” 
axis is diminished; in other words, when the diameter of the tanks is increased. The 
difference in reduction values between the highest and the lowest porosities analyzed is 
approximately 2.5%.  
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5.2 SPECIAL APPLICATIONS 
5.2.1 Storage tanks’ layout 
Tanks’ layout in an LNG facility is generally linear in arrangement of rows, 
similar to the arrangement showed in Fig 5.1. This case study analyzes a proposed new 
staggered configuration for the tanks within the storage area. The proposed new 
configuration of the tanks is intended to achieve lower concentration values downwind 
from the tanks, because of the diminishment in the porosity along the x axis created by 
this new tank arrangement. The wind was assumed to be blowing in the x direction from 
left to right at a velocity of 1.5 m/s, at neutral atmospheric stability conditions. A typical 
roughness of 0.03m was considered along the cloud path.  
A scenario of a pipe rupture and LNG leak is assumed to begin at a location x= 
20 m at the beginning of the tank storage area. The release time is 10 minutes and pool 
formation is assumed, with a vaporization rate of 110 kg/s. The vapor cloud generated 
will pass through the tanks from left to right and measurements of the vapor 
concentration are taken at the end of the storage area, along the centerline. 
Figure 5.4 shows the flammable vapor cloud (5-15% in concentration volume) at a time 
t= 650 seconds, for a set of tanks with three different aspect ratios: 1, 1.5, and 2. 
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Fig. 5.4. Flammability contours through tanks with three different aspect ratios 
(staggered layout): (a) 1, (b) 1.5, and (c) 2. 
 
(a) 
(b) 
(c) 
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Figure 5.4 illustrated the different behavior for the vapor cloud passing through 
the tanks. It is observed that the cloud surrounds the tanks more closely when the 
diameter (and aspect ratio) is increased and the cloud travels a lower downwind distance. 
Therefore, in this case the variation of the aspect ratio as well as the different layout of 
the tanks plays an important role. 
A comparison between the reductions in the concentration values obtained with 
the two different tank layouts is performed. Both cases have the same scenario 
assumptions and set up. Figure 5.5 shows the vapor cloud behavior for these cases with 
an aspect ratio of 2, at a time of 750 seconds. 
 
 
 
 
 
 
 
  
Fig. 5.5. Comparison of flammability contours at different tanks’ layout, with aspect 
ratio = 2, at t = 750 s. 
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This study concludes that reduction in the concentration values downwind from 
the storage area is possible by changing the tanks’ layout, and therefore a reduction in 
the safety distance can be achieved as well. Table 5.1 summarizes the concentration 
reduction percentages in the analyzed cases, for a measurement point located at a 
distance x = 200m from the borderline of the storage area. 
 
Table 5.1 Concentration reduction percentage at different tanks’ layout 
  
Concentration Reduction (%) 
Conc. Reduction 
Difference (%) 
Linear layout 
Staggered 
layout 
Aspect Ratio 1 - Porosity1 81.5 92.3 10.83 
Aspect Ratio 2 - Porosity 2 81.5 92.7 11.16 
Aspect Ratio 3 - Porosity 3 81.5 96.6 15.05 
 
 
5.2.2 Dike design 
According to the parametric analysis performed in Chapter IV, an increase in the 
height of an obstacle plays an important role in reducing the vapor concentration values. 
NFPA 59A indicates that an impoundment system (dike) must be designed to contain a 
possible LNG spill equal to the 110% of the largest tank associated with that system. 
This case study will analyze the importance of a good design of an LNG dike in 
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reducing the safety distance, by varying its height and width, while maintaining the same 
volume. A typical LNG tank with a capacity of 50,000 m3 was considered, and the 
dimensions of the dike surrounding it were 110m x 110m x 5m, which comply with 
NFPA 59A requirements in volume capacity.  
For the purpose of this case study, modification in the dimensions of the dike was 
done by increasing its height from 5m to 8m, but diminishing its sides from 110m to 
85m. Figure 5.6 shows the two different analyzed dikes (dike 1 and dike 2). 
 
 
 
Fig. 5.6. Comparison between two different dike designs; dike1: 110 x 110 x 5 m, dike2: 
85 x 85 x 8 m. 
 
 
 
The largest accidental release scenario was considered by a leakage caused by 
the rupture of a pump-out transfer piping located within the dike area, with a flow rate of 
2000 m3/h when all the pumps are running.  
h1 
h2 
L2 L1 
Dike 1 Dike 2 
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According to the NFPA 59A requirements, the impoundment system has to 
withstand that spill during 10 minutes. An F stable atmospheric condition with a wind 
speed of 1.5 m/s was considered as the worst case scenario, and a roughness value of z0 
= 0.03 m was considered as well. 
Regarding the simulation details, the meshing was carefully performed and 
refined close to the LNG spill, the tank, and dike. The control volumes’ dimensions were 
0.8m in the x and y directions, and 0.5m in the z direction. The measurement points for 
gas concentration were located along the centerline, downwind of the dike borderline at 
distances of 50m and 200m. The FLACS pool model was used to simulate the pool 
formation inside the dike. Figure 5.7 shows the simulation results of the pool generated 
within Dike2 using FLACS at a time t = 600 seconds.  
 
 
Fig. 5.7. Pool formation within dike 2 at time 600 seconds 
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The same conditions of the explained scenario were used in the second type of 
dike, maintaining the location of the leakage considered previously. The results obtained 
indicate that by increasing the height of a dike, the vapor concentration is reduced and 
therefore the safety distance, defined as the distance where the half of the LFL is 
obtained. Figure 5.8 shows the comparison between the safety distances obtained with 
the two different dikes.  
 
 
 
Fig. 5.8. Comparison between safety distances with the two different analyzed dikes 
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It is important to note that constructing a dike involves money and time 
investment; therefore, a cost/benefit assessment needs to be done in order to make the 
decision if a dike with higher walls is necessary. The second type of dike (with higher 
walls) provides advantages in terms of space within the facility. Also, risk reduction is 
achieved because the flammable LNG vapor will travel a lower distance. Figure 5.9 
shows the comparison between the safety distances obtained with both type of dikes; for 
Dike1 the distance obtained was 220 m, while for Dike 2 it was 140 m. The results also 
indicate a reduction in about 35% for the safety distance based on the ½ LFL standard. 
 
 
 
 
Fig. 5.9. Safety distance reduction with two different dike dimensions 
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CHAPTER VI 
CONCLUSIONS AND FUTURE WORK 
 
6.1 CONCLUSIONS 
This research demonstrated that the effect of obstacles over LNG vapor 
dispersion plays an important role in reducing downwind concentration values and 
achieving lower safety distances. This knowledge may be applied in facility layout of an 
LNG terminal and also in the design of an LNG impoundment dike. 
This research provides several contributions as follows:   
 Establish a CFD model suitable to simulate LNG vapor dispersion through 
obstacles, similar to those found in an LNG facility.  
 Validation of developed model. The result obtained by the FLACS model in this 
work was compared with the Falcon experimental data and with previous 
simulation result obtained by FLUENT model. It was demonstrated that FLACS 
model indeed provides a reasonably accurate simulation of LNG source and 
vapor dispersion.  
 Perform a parametric analysis over the selected key parameters involved in vapor 
dispersion through obstacles: height, width, and shape of the obstacle as well as 
wind velocity and surface roughness, for cases of LNG pool release and jet 
release. For the pool release case, the results of the analysis demonstrated that 
height and width of an obstacle are the most significant parameters in the LNG 
vapor concentration reduction, for values measured close to the obstacle. If the 
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measurement is done far away from the obstacles, a combination of the wind 
velocity and surface roughness also becomes more important. For the jet release 
case, shape and width of the obstacle are the two most significant parameters in 
LNG vapor concentration reduction, for values measured either near or far from 
the obstacle.  
 Propose a methodology which may be used in an LNG facility to estimate the 
LNG vapor concentration reduction downwind from the storage area. Using 
Figure 5.3, one can estimate the concentration reduction by knowing either the 
tanks’ aspect ratio or the porosity perpendicular to the wind direction. This 
methodology could help to assess safety distances during the design stage of an 
LNG facility. 
 Based on the research finding two possible design improvements were suggested 
for reducing downwind LNG vapor concentration and safety distance. 
They are staggered configuration for the LNG storage tanks and increased height 
of the impoundment dike wall. It was demonstrated that staggered layout 
provides an improvement of about 15% in the concentration reduction compared 
to the usual linear layout. In the case of the new dike design, the reduction of the 
safety distance was about 35% (reduced from 220 m to 140 m) providing 
advantages in terms of space within the facility as well as in risk reduction.   
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6.2 FUTURE WORK 
This research increased the knowledge acquired so far by MKOPSC about the 
effects of obstacles in vapor dispersion; however, there are some potential possibilities to 
further explore this topic; they are: 
 Study the effects of turbulence inside a storage area for different LNG tank 
configurations. This research focused on the effects of obstacles over the vapor 
concentration reduction; however, it is promising to study the increase in 
turbulence generated by tank configurations.  
 The increment in turbulence by tank configurations, similar to the proposed 
staggered layout, may create an explosion hazard inside the storage area. An 
analysis using a CFD tool may be useful to assess this scenario.  
 Possible small or medium scale experiments which account for the effects of 
different obstacles on LNG vapor dispersion can be performed.  In this manner, 
the proposed tank configurations and dike design could be studied and the results 
of this research validated.  
 Evaluate new possible dike designs which intend to reduce the vapor 
concentration and the safety distance. This research demonstrated the importance 
of height in dikes; however, this design can be improved in future by adding a 
overhang portion on the top of the dike. This may cause recirculation of the 
vapor, retaining it for more time and promoting turbulence and mixing with air.   
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